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tt+(j/y/H/W/Z) production at the LHC
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tt) production at the LHC

large fraction of tt events accompanied by additional jets (~40% for pr;>40 GeV)

- wide range of phenomenological studies due to richness of 2—-3 kinematics

— improve the description of pp-tt (theoretically and experimentally)

| /e

N

Non-zero pr(tt) directly
sensitive to NLO QCD

= Large theory scale
Uncertainties
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= Both NNLO and POW exhibit some wiggles around the data
= Need NNNLO (pp-tt) » contains NNLO tt;j
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= background for SM Higgs production in VBF, BSM searches with ¢{¢; + MET + jets
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P L e P HHHEEEFFEF P HHEEFEPEEEEEFS
tt) production at the LHC

Mwp Measurements = assess EW vacuum stability
b Mwp €xtraction with ttj final state

Higgs
potential

1  dOiy1-

pole . tt+1-jet . pole 2mg
R(mg ™, ps) = — d (m; ", ps) Ps = ——.
Ot 4 1-jet Ps VSitj

Lletastable [Alioli,Fernandez,Fuster,Irles,Moch,Uver,Vos;1303.6415]
[Bevilacqua,HBH,Kraus,Schulze,Worek(2017)]

E‘;?C?S \\/ [Alioli,Fuster,Garzelli,Gavardi,Irles,Melini,Moch,Uwer,Vos;2202.07975]

Our Stable

vacuum

Re(¢)
ATLAS

[Bass,DeRoeck,Kado;Nat Rev Phys 3,608-624(2021)] I direct (LHC Run 1, Phys. Rev. Lett. 132 (2024) 261902)
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https://arxiv.org/abs/2401.08811
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Theoretical predictions for pp-ttj

do = do'® + a,do'V +a?de® + ...
—— N -

s J

LO SNLO SNNLO

NLO QCD (stable top) [Dittmaier,Uwer,Weinzierl;(2007,2008)]
NLO QCD (NWA) [Melnikov,(Scharf),Schulze;(2010,2011)]
NLO QCD (off-shell) [Bevilacqua,HBH,Kraus,Worek;(2015,2016)]
NLO QCD + PS [Kardos,Papadopoulos,Trocsanyi;(2011)][Alioli,Moch,Uwer;(2011)][Czakon, HBH,Kraus,Worek;(2015)]
Merged NLO QCD+EW (stable top) [Gutschow,Lindert,Schonherr;(2018)]
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NNLO QCD corrections to pp-tt]

dory »_Qiéim\%g

d "@

Work with stable top quarks

Amplitudes: > Tree-level pp-ttjjj: AvH [Bury,van Hameren(2015)]
i One-loop pp—>ttjj: OpenLoops [Buccioni,Lang,Lindert,Maierhofer,Pozzorini,Zhang,Zoler(2018,2019)]
> Two-loop pp-ttj: this work

NNLO subtraction scheme: Sector Improved Residue Subtraction Scheme (STRIPPER)
[Czakon(2010)][Czakon,Heymes(2014)][Czakon,van Hameren,Mitov,Poncelet(2019)] 6




NNLO QCD corrections to pp-tt]

main bottleneck

dory »_Qiéim\%g

d "@

Work with stable top quarks

Amplitudes: > Tree-level pp-ttjjj: AvH [Bury,van Hameren(2015)]
i One-loop pp—>ttjj: OpenLoops [Buccioni,Lang,Lindert,Maierhofer,Pozzorini,Zhang,Zoler(2018,2019)]
> Two-loop pp-ttj: this work

NNLO subtraction scheme: Sector Improved Residue Subtraction Scheme (STRIPPER)
[Czakon(2010)][Czakon,Heymes(2014)][Czakon,van Hameren,Mitov,Poncelet(2019)] 6




Two-loop amplitudes for pp-tt]

[Badger,Becchetti,Brancaccio,Czakon,HBH,Poncelet,Zoia;2511.11424]

= State-of-the-art loop amplitude computation: 2—-3 scattering with external & internal masses
Ndia
" Ni({%}, {p})
A? = / d?h1d%k, AAATA = " ¢;(Z,€) ML;(Z, ¢)
T T= (d12,d23,d34,d45=d15,m?)

High-degree rational functions (6 kinematic variables + €), massive spinors dij = pi-pj

Internal massive propagators, functions beyond polylogarithms
= Two scattering processes: gg-ttg and qqg-ttg

= Work in the leading colour approximation: only planar diagrams

gg-ttg

keep the computation tractable!!




Two-loop amplitudes for pp-tt]

[Badger,Becchetti,Brancaccio,Czakon,HBH,Poncelet,Zoia;2511.11424]

= Finite remainder — subtract universal UV/IR singularities
— construct special function basis

FO =3 rl(ph mon(s) ., mupff

Algebraic operations = numerical evaluations over finite fields
Reconstruct analytic expressions from numerical samples

ri({p})

mod r

= Construct DEs for special functions and solve numerically

©
C++ implementation

- 7

~20 seconds per point o e

double-double for o ~ A

rational coefficients, -
double for special functions

A(Q)({P}: €) = Z (Feynman diagram),

i

l map loop numerators to Z

A(Q),h({p}:e) - z C?({p}: €) Ii({p}:e)

i

l IBP reduction

ADR(fp) ) Zdh {p},e) ML ({p}, )

map to special functions
subtract UV/IR poles

€ expansion

FON({p}) =Y ri({p}) mon;(f) + O(e)

i
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Two-loop amplitudes for pp-tt): reconstruction data

[Badger,Becchetti,Brancaccio,Czakon,HBH,Poncelet,Zoia;2511.11424]

independent helicities Helicity amplitude construction
evaluated simultaneously 4 P 5
B (4 ittt ) ABlals = 3 T G Dy = miau,
=i Iy = myugp,v1
. . 4 =
mom. twistor variables G(LIhshahs _ Z (I‘TI‘)_l [FT. A(L)]h3h4h5 I's = myugp, vy
(834,12, 23, tas, ts1, T5123) ' : w4 Ly = tapp,v1

1

: “contracted helicity amplitude”

MIs SF's #1 #2 #3 #4 | # of points
ITA@N R |[404/393 || 314/303 | 201/280 | 291/0 | 44/40 | 44/0 | 137076
I'iA@NZE | 3981389 | 3 0] 89624

]
] N/D: max polynomial degrees
t A(2).N?7R . .
T3A®NM | 41174027133 in the numerator/denominator /0 | 161482
riA@:NR | 490/411 179838

— ~

mass-renormalised finite Hreer denominator more

i : : partial fraction -
amplitude remainder  relations guessing M Xenrn denomlr_1ator
all-order e dependence guessing

(no xs123 dependence) 10
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Two-loop amplitudes for pp-tt): reconstruction data

[Badger,Becchetti,Brancaccio,Czakon,HBH,Poncelet,Zoia;2511.11424]

Helicity amplitude construction

4
AL hshahs Zl'\z g_(L)h3h4hs
i=1

independent helicities
evaluated simultaneously

h=(+++++—,+—+)

I's = mfﬂgvl

Iy = myugp,v1

mom. twistor variables g_(L)hsh4h5 _ i (I‘TI‘)_l [FT- A(L)]h3h4h5 J = mitzp, v

(834,12, t23, tas, Us1, T5123) ' - ] Lt Ty = tiop,p,v1
= “contracted helicity amplitude”
MIs SF's #1 #2 #3 #4 | # of points

0TAG)NER | 4047393 | 314/303 | 291/280 | 291/0 | 44/40 | 44/0 | 137076

[[T.AR)N2TR | 398/389 | 305/296 | 287/278 | 287/0 | 55/51 | 54/0 89624

TEA@-NZTR | 411/402 | 321/312 | 299/293 | 299/0 | 57/54 | 54/0 | 161482

ChA@NE | 420/411 | 326/317 | 304/299 | 304/0 | 58/54 | 56/0 | 179838

mass-renorrﬁ , / Iine{: denor\ninator \ \ more
amplitude finite relations guessing partial fraction denominator

all-order ¢ dependence ~ remainder IN Xs123 guessing

(no xs123 dependence)

10
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Results: pp— ttj @ NNLO QCD

[Badger,Becchetti,Brancaccio,Czakon,HBH,Poncelet,Zoia;2511.11431]

« LHC@13 TeV

« PDF4LHC21

» Stable top, m¢=172.5 GeV

« anti-kr jet algorithm, AR = 0.4
» Scales:

Ur = pp = po = Hp/n  withn e {1,2,4}

Hr = Mr(t) + Mz(t) +pr(j1)

“soft” phase-space:
pr(j) =30 GeV and |y(5)] < 2.5
“hard” phase-space:
follow setup used in ongoing CMS analysis
pr(j) > 120 GeV and |y(j)| < 24
pr(j) = 0.4 - (pr(t) +pr(t)) .
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Results: pp— ttj @ NNLO QCD

[Badger,Becchetti,Brancaccio,Czakon,HBH,Poncelet,Zoia;2511.11431]

1R = pF = po = Hr/n

LHC@13 TeV

PDF4LHC21

Stable top, m¢ = 172.5 GeV
anti-kr jet algorithm, AR = 0.4
Scales:

with n € {1,2,4}

Hr = Mr(t) + Mz(t) +pr(j1)

“soft” phase-space:
pr(j) =30 GeV and |y(5)] < 2.5

“hard” phase-space:
follow setup used in ongoing CMS analysis

pr(j) > 120 GeV and |y(j)| < 2.4
pr(j) = 0.4 - (pr(t) + pr(t))

pp-ttj LHC@13TeV

o (pb)
400
=) 1 I po=H2
300 F
250:-
i ® soft
2005_ ® hard
150:—
100 [
sof ] 2 *
LIO Nll_O NNILO
Knro = INLO
JLO . _~ ~
Knto ONNLO soft: Knio 145, Knno ~1.05
ONLO hard: Knio ~1.54, Kynwo ~1.08

Theory uncertainties from 7-point scale variations

(H_R pE
Ho’#o

) = (0.5, 0:5); (0.5, 1) (1,0.5),(1,1); (1,2),(2,1), (2;2)

11
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Results: pp— ttj @ NNLO QCD

[Badger,Becchetti,Brancaccio,Czakon,HBH,Poncelet,Zoia;2511.11431]

1R = pF = po = Hr/n

LHC@13 TeV

PDF4LHC21

Stable top, m¢ = 172.5 GeV
anti-kr jet algorithm, AR = 0.4
Scales:

with n € {1,2,4}

Hr = Mr(t) + Mz(t) +pr(j1)

“soft” phase-space:
pr(j) =30 GeV and |y(5)] < 2.5

“hard” phase-space:
follow setup used in ongoing CMS analysis

pr(j) > 120 GeV and |y(j)| < 2.4
pr(j) = 0.4 - (pr(t) + pr(t))

a (

400 [

300 F

Jat)

l.c.

350 F

250
200 F
150 F
100F

50 F

pp-ttj LHC@13TeV

1 1

pb)

Mo = H+/2

® soft

® hard

1 . :

LO NLO NNLO

Size of double virtual corrections
ese. (12) = =5 FL2(Q%) + 3 eilog! (42/Q?)

6% - 10% depending on scale choice 11




Results: pp— ttj @ NNLO QCD

[Badger,Becchetti,Brancaccio,Czakon,HBH,Poncelet,Zoia;2511.11431]

do/dpr(tt) [pb/GeV]

ratio to NLO

101 .

10~ 1 4

ot

9
w
1

f—t
[

1.5

1.0

Differential cross sections

LHC 13 TeV PDF4LHC21 .40 po = Hrp/2
soft-jet phase space, m; = 172.5 GeV

—— LO

= NLO

- NNLO

o -_

7-pt scale variations

TNP 95% CL

_________________________________

200 400 600 800 10(

pr(tt) [GeV]

Missing higher-order uncertainties (MHOU) are
estimated using 7-point scale variations and

Theory Nuisance Parameters (TNP) method
[Tackmann;2411.18606][Lim,Poncelet;2412.14910]

d& (N+1) dz0)
e =210(05) ($w)

Impact of missing subleading colour terms
is also estimated using TNP method

R R o R
ol A

€ [-1, 1]

~ 1% - 4% in the high-pr region
see also [Czakon,Poncelet;2512.17591] 12
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Results: pp— ttj @ NNLO QCD

[Badger,Becchetti,Brancaccio,Czakon,HBH,Poncelet,Zoia;2511.11431]

Differential cross sections

LHC 13 TeV PDFALHC21.40 po = Hr/2 pela 1 dOi1et, pole i
— soft-jet phase space, m; = 172.5 GeV K(mt ;ps) = — (mt ;ps) A= —.
2, 1073 Ott+1-et dps VSt
S ﬁ_
— i
=102
,_8 ]-0 E L T e e e e L e e e T e s s e
] E 160 GeV, CTEQ6.6 wi== 170 GeV, MSTW E
]— LO =— NLO = NNLO 3 170 GeV, CTEQ6.6 — - 180 GeV, CTEQ6.6
1] 1 I 1 s 25:_ /h‘. _:
1.25 9 7-pt scale variations e F // e =
it 2 o'. < =
1.00 E b ,/ \\’x =
= & 1 i Nk 3
2 0.75 - : NS E
o I T T T T 0.5;— NLO QCD \ ‘s‘ —;
< 125 {TNP 95% CL L _ AT I Lo NS S
= 3F "l ]
£ 1.00 e 2f P
e 1 STy ‘-lr.!:_:_'_; £
0.75 1 0 02 03 04 05 06 07 05" p_
0.0 0.2 0.4 0.6 0.8 1.0 )
P [Alioli,Fernandez,Fuster,lrles,Moch,Uver,Vos;1303.6415]

13
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Towards pp-ttf @NNLO QCD with top decays in NWA

.t b ot b . f b
g t :% g t ::C%\,W+ g :s%
1 W+ 1 [} W+
g

g
::( E | W :Z(X W ::C< I
9 . *@i 9 r ==O$ g 2 fia- o=
LB 5 o g i N

Two-loop QCD amplitudes for t—=bgvl

with C. Brancaccio [arXiv:26XX. XxXxXxX]

14




Two-loop amplitudes for t—=bgvl

Full two-loop QCD amplitudes for gb—tW available [Chen,Dong,Li,Li,Wang;Wang;arXiv:2212.07190]

= Numerical grid for unpolarised squared amplitude
= “Good” basis of Mls: factors of (1+ n g) in the denominator (n: rational number)

= Two-loop Mls evaluated by solving DEs using AMFlow solver + boundary points from AMFlow
Figs 1 & 2 of arXiv:2212.07190

XX XX

NP1 NP2 NP3 NP4

,,1 m : N AL A X

NP5 NP6 NP7

P3 P&

many elliptic families present!!

Our goal:
= analytic helicity amplitudes in terms of MIs

= include the decay of W boson
= a routine for numerical evaluation of the hard function for the decay kinematics 15
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Two-loop amplitudes for t—=bgvl

0 = t(p1) + b(p2) + g(ps3) + v(ps) + £(ps)

Separate W production and decay amplitudes:
A (10 b2 3o glhs 5he) = A (10 22 303 W) D, (W — #€) Py (s15)

W-production currents in terms of form factors «

& =1l & =py, & =k,

4
AEIL)“(ZL?I 1 21:5_?:21 3.;.','3: W) — ZQEL) (1?1 : 222: 3!;-'«'37 W) é‘:"‘ QEL) — Z (A—l) N ﬁg{;}

L)
i=1 J &y

_ (B[L2[2y8]  (2[LB8H8 2

4das ddag
Spin-basis decomposition of the contracted helicity amplitudes
. o3 [2]3]1]2 ~(L 7(L),[2] F(L).[3]
AR (1,25, 3" Win) = m? (1"n>[ %{' ][(nz) APl (1 9 3hs W) Ap77 and Ay
‘ functions of
(3)(2[1[3] <(x),[3] h are

+ So3 "44,%' (1;2;’393’”’7) S12, S23, Sas and m¢?
| v fully analytic
: ) . : 5 . . solve DEs e-expanded
Analytic mass-renormalised amplitudes Aé(lLi)’[J] _ 67(;];;),[]] (e,.?,mf) MI,, numerically  (FrieFiow eats?)
Compute finite remainders numerically ’ e | (AMFlow C++ solver) T 6




Two-loop amplitudes for t—=bgvl

Mathematica routine for the numerical evaluation of the hard functions

HO) — Z}“(U)*]:(U) 1) — 9 Rei}'(ﬂ)*]:(l) 272 — zRei}‘(U)*]:(Q) s i}‘(l)*}‘(l)

Numerical results: visualisation on phase-space slices

— PS parametrisation from Bruscheifer,Caola,Melnikov[arXiv:1301.7133] = (X1,X2,X3,X7,Xs,X9)

Plots on (x1,x2) surface E3 = £1Emax, cost3 =1-2x2, @3 =2mxs.
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Two-loop amplitudes for t—=bgvl

Mathematica routine for the numerical evaluation of the hard functions

HO = ff(”)*f“” HW =2 Rei}'(”)*}'“) H® = 2Red FO*F® L 3 FO+ FO)

Numerical results: visualisation on phase-space slices

— PS parametrisation from Bruscheifer,Caola,Melnikov[arXiv:1301.7133] = (X1,X2,X3,X7,Xs,X9)

Plots on (x1,Xz) surface E3 = 21Emax, cosfl3 =1-2x2, @3=2mx;.

Estimated correct digits for H?  Cancellation digits for 1/¢ pole in H@ Evaluation time (minutes)

3 _y 120 [ 250 *_
150} PRELIMINARY 100 PRELIMINARY __ 200 PRELIMINARY
1001 i B | 150¢

, sof

: wl 100
50+

I 20 —L =0y

o-é R ” 16 1 0 ' 10 12 14 16 18 20 22 ° :a,_'_r 35 40 45 50

18
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Two-loop amplitudes for t—=bgvl

Mathematica routine for the numerical evaluation of the hard functions

HO = ff(”)*f“” HW =2 Rei}'(”)*}'“) H® = 2Red FO*F® L 3 FO+ FO)

Numerical results: visualisation on phase-space slices

— PS parametrisation from Bruscheifer,Caola,Melnikov[arXiv:1301.7133] = (X1,X2,X3,X7,Xs,X9)

Plots on X slice F3 = 21 FBmax, c0883 =1— 212, w3 =2wis.
: HO oal H 4 010k HE) 4O
1000 £ -
: - g 008
ol PRELIMINARY . PRELIMINARY
3 0.06| i
. PRELIMINARY
10 0.04F
5 sum r
o T e t 0.02}
1 ; ''''' t- TR t-
L 1 1 I 1 1 L 1 1 L 0.00 L | | | 1 1
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0

X4 X il 19
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Summary

v First results for ttj production at NNLO QCD accuracy (stable top)

— STRIPPER subtraction scheme + two-loop leading colour amplitudes

v Analytic computation for two-loop helicity amplitudes: gg-ttg and qq-ttg

— good enough for pheno, but not the simplest form

v Two-loop amplitudes for t—-bgvi
- ingredients of pp-ttj NNLO QCD calculation with top decays in NWA

— analytic form in terms of Mls, numerical evaluation of Mls through DEs

20
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NLO QCD pp-ttj: NWA vs Full off-shell calculations

[Bevilacqua,HBH,Kraus,Schulze,Worek;1710.07515]
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